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AfR FLOW THROUGH POPPET VALVES.
By G. W. LEWIS and E. hf. NUTRJG.

—.

This paper diaousses the comparative continuous flow characteristic= of single and double
poppet valves and was prepared by G. W. Lewis and E. M. Nutting of tha Clarke Thomson
Researoh’ and submitted to the National Advisory Ccmnnittee for Aeronautics.

In the problem of airplane engipe design the question of the number of poppet valvw,
location of valves, and the valve lift play an important part in the power characteristic and
life of the engine. The Clarke Thomson Research in conducting experiments on an air scaveng-
ing engine, under the direotion of the National Advisory Committee for Aeronautic, atkmpted
to locate data on valve flow characteristics. Very Iittle data was obtainable, and in wmnec-
tion with the scavenging engine problem the exp,erimentsl data in this paper was obtained.
The number and oharacter of the experiments is not suoh as to render them liual and con-
clusive, but the rasulta afford a direct comparison of valves singly, in pairs, and of different
sizes. Further and more extensive data bearing upon the subject should be experimentally
obtained and published.

This discussion deals particularly with the merits of inlet valves in pairs, as compared with
the singIe inlet, perhaps more commonly used. The experimental data presented affords a
direct comparison of vahs singly and in pairs of different sizes, tinted in a cylinder designed
in accordance with current practice in aviation engines. Unfortunately, nemssity J.imitedthe
investigation to measurements taken under conditions of continuous flow.

This investigation was undertaken after a wholly unprofitable searoh for aoourate informa-
tion upon the comparative flow characteristics of singIe and double Met valves, based upon
actual meseurement rather than upon some hypotheaii, itself largely a matter of opinion.

Byway of preliminary analysis, tie application of the law of geometrical similarity presents
a strong case for valves in pairs. For example, at a given pressure drop and the same lift,
one valve would require a dimneter of 4 inches to provide an mea of opening equal to that of
a pair of valves each of 2 inohw diameter. The supeficid area of the one 4-inch valve is twice
the combined area of the two 2-inch valves, and if opened against a pressure in the cylhler,
this is a measure of the comparative forcas involved. The 4-inch valve would weigh four times
the combined weight of the 2-inoh pair, and the neoessary spring tension would dMer in that
proportion for the same lift and the same engine speed. It maybe noted here that while the
above .is correct upon the assumption of geometric simihdy, the eflective valve areas differ
from the actual as the coeillcient of efllux varies at diflerent Lifts; also that the weight of a

8 welldesigned valve increases somewhat Iassthan the third power of the diametir would indicate.
Mr. H. L. Pomeroy~ in a dkussion which he states is wholly analytical, reaches a conclu-

sion decidedly at variance with the above.
Briefly stabd, he assumes that two valves of 2.83-inch diameter should be substituted for one

of 4-inch diameter (equal cross-sectional port area which required that the smaller diameter.- - --
1The OIerke ‘l!hcunsonIWearch ma founded by Mr. Clarke T?mneon, of Philadelphia, Peunsylvanle, September 28, 1916. Mr. ‘Tlmasau%

object in fotmdfng the ~ ma the edvaneament afavfaffon by tbe fmestfgatfcm end derefqment ofdevfcm naeful to the.art. ?& !l’hcmsm
plaeedthereWrces c4the Ikeerch at the @@al of tbe Natioml .Advisory Cmmittea for Aeronautfea, and dl tha activities of tba Besmreb
were under the dfraotfon of tbe IWioneJ Advf.wry Comrnlttee for Aeronantfos durfng the war.
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be 0.707 of the larger diameter) and that the valves in each case are lifted 31.65 per cent of
their respective diameka. He then computes the hydraulic mean radii for the two cases,
applies the laws of friction, and reaches the conchsion that the two valves would have a fric-
tiomd resistance 39 per cent greatm than the sing]e valve.

The contrast is sharp. The tentative conclusion geometrically derived is that two valves
of one-lial~the cross+ectional port area and equal open@ area, as compared to the single valve,
would afford the same flow. Mk. Pomeroy’s tentative conclusion is that two valves hav@ the
same cross-sectional port area as the si@e valve, and the same open@ area with a lift 0.707
that of the single valve, would have a frictional resistauc.e39 per cent greater, and therefore less
capacity. This discrepancy seemed to afford ample ground for experimentally determin@ the
relative flow in sindar combinations of valves.

This work was carried on by the Clarke Thomson Research in connection with problems
involving exhaust gas scawnging at the Bureau of Standards and under the general direction of
the National Advisory Committee for Aeronautics. Appreciation of the many conrtmies
extended by the Bureau of Standards is gratefully acknowledged.

APPARATUS.

The apparatus consisted principally of a centrifugal blower, a model cyIinder, and U-tubes
for measurements of pressure.

The Mower was one of special design with a bahmced rotor 11.25 inches in diametar, com-
posed of 10 forward curved blades. An electric motor furnishbd the power, rheostat conpol
permitting speeda from 3,000 to 6,500 revolutions per minute, corresponding approximately to
pressureaof 9 to 32 inches of water. The number of impulses varied from 30,000 ta 65,000 per
minute, aflording practicaUy continuous flow. The blower was comected to the cylinder with
rubber hose, care being taken to see that the rdiggent of the hose remained perpendicular to
the face of the cyIinder at point of entrance throughout the tests.

The cylinder is shown in longitudimil cross section m plate 1. The cylinder head was
carved out of white pine by an excellent pattern maker, and carefully ii.uishedas to ite interior
in accordance with dimension drawings. At the entrance end, the passagg leading to the
valves were cylindrical in form with axis perpendicular to the cylinder axis and 2.5 inches in
diameter, the passages then cur-red as shown to the ports. The approach to the large valve,
which had a diameter of 2.5 inches, was circular in cross section at all points. The approach to
the pair of valves on the opposite side of & cylinder became narrower in the plane of the cross
stiction shown, and widened laterally to smoothly divide, about 1.5 inches horn tie ports, into
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two pasmges of 1.75 inche9 diamekr. The M.@ between the valve axis and the cylindw axis
was 15 degrees. No valve guides or bushings extended into the passages.

The diameter of the counterbore was 5.75 inches and of the cylinder proper, 5 inches.
The valves were seated with a bevel of 30 degrees in the two planes forming the c.ylirv$erhead.
The diffuser shown was constructed of thin brass solt-leredtogether and inserted so as to divide
the whole area of the cylinder at that point into roctmguhir pasqy aboutiseven-eighths inch
square and 2 inches long.

The jet at the opposite end of the cylinder was likewise carved out of white pine as shown,
and was connected to the cylinder head by a length of 5-inch wrought-iron pipe, smoothly
gdvanizsd inside, used to obtain sufficient length for rectification of the air current. Gaskets
and shellac were uwd at the jointi and the assembly drawn together with four long bolts extend-
ing from end to end, outiide the cyIinder.

h addition to the single valve with a diameter of 2.5 inches and the pair of valves with
diameters of 1.75 inches heady m~tioned, anotier pair with diameters of 1.25 inch~ was
tested. False seats were used w-iti tis smaller pair, consisting of turned hardwood rings
carefully fitted to the 1.75-inch seats and beveled to mmive tie smaller valves as shown in

Plate 4, fig. 2. These fake seats obviously left a circular shelf or projection 0.25 inch wh
immediately above the ports. As a matter of inkerast, two readings were taken with these
shelves projecting above tie port, but btiore running off the main test on these 1,25-inch valves
the lines of the passages ware smoothed off by filling in above these projections with putty,
giving the approximate stream lines shown.

The valves were all designed on simtiar lines with the exception that the smallest pair had
stares five-sixteenths inch in diametir, to fit the guides used for the larger pair, this dimension

PLATE 1.-OTasqthrough oyllnder model.

being 40 per cent larger thtm true proportion dictated, equivalent to a reduction of 0.022 square
inch or 1.8 per cent of the port area of the smaller pair.

The Pitot tube shown in the jet in Plate 1 was clamped in position at the axis of h jet
throughout the taste, velocity read~ being taken as later described. The dimensions were
three-sixteenths inch outside diameter and about 2,5 inches in length. The impact end was
gradually rounded and the static holes were four in number, about 0,02 inch diametm-,smoothly
perforating the outer wall.

A static tube of one-eighth inch diameter penetrated the central portion of the cylinder,
reading static pressure of the air column after passing the valves and the di.tluser. This is for
convenience termed the “lower static,”

Static tubes of one-eighth inch diameter also tapped the flow where the air column entwed
the passage leading h the valves, These are for convenience termed “upper static,” oily one
being used at a time, as indicatid by its position with respect to the valves. All statics were
slightlpounded on the inner periphery and the end kept flush with the inner surface of the
cyhder or passage, and so located as to be perpendicular to the direction of air flow._. .. . . ..
forlifrl. velvq Lend varetheeame Iubeforebut tllehydraulie Illefuldeptll A/8
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The upper and lower statics were connected to the two legs of a U-tube to read direcffy
the pressure drop through the valve, and also connected to other U-tubes to read the upper
static and lower static head separately.

All U tubes had an inside diameter of about 0.25 inch and were vertical with the exception
of one, which vnts inclined at a slope of 10 to 1 to read with greater accuracy velocity prewmrea
of 3 inches or 1sss.

A centigrade thermometer was clamped with its bare bulb in the air jet at a point about
1.5 inches outiide the apparatus. A simiIar thermometer was hung on the wall for readinga of
room temperature.

The moisture content recorded is the average for t.ha period indicatad, as takcm from a
recording hygrometer, the variations being but slight, as were those of the barometer. All
readings were completed within a period of seven and one-half hours, on May 23, 1918.

MEASUREMENT OF AIR FLOW.
The method used for measuring the velocity and quantity of air is based upon the prin-

ciples of the impact tube and the jet.1
Briefly, the impact tube, when held in and partdlel to the air stream, registers a pressure

rmresponding to the total energy in the air at that point. In case of continuous flow through
a pipe of varying cross section, if the impact tube is moved up the axis of the air stream, the
pressure registered is constant at all points, except for friction losses. The velocity pressure
and static pressure vary with every change of cross section, but the sum of the two, which the
impact tube reads, is constant at all points, as the law of conservation of energy indicates. This
is similar to Bernouilli’s theorem m“hydraulics.

ll%ere the section of the pipe is smaller, the velocity of the 8h must be higher, as the
quantity passing all sections of the channel in a given time is constant under conditions of
continuous flow. Higher velocity means greater kinetic tmergy in the mov-iqg air particle, and
this increment can only arise out of a corresponding diminution of the static pressure?

The jet here used for flow measurement carried this case further, contracting the air column
to about one-sixth of its area and discharging into atmosphere at a static pressure equal to
atmospheric pressure, or zero U-tube reading, all energy in the air behg kinetic, read as velocity
pressure by the impact tube. This requires that the theoretiwd ofice be wholly convergent,
i. e., that the radio of absolute pressure of the region into whioh the jet discharges to the absolute
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pressure of the region from v%ch the jet disch-&ges be greatw than the criticaI value, 0.5272,
for air. .

After verifying the fact that throughout the range of velocities used, the impact aide of the
Pitot tube at any given velocity showed constant readings for various positions in the jet, the
Pltot was clamped in position, and readings from the impact side only recorded as velocity
preewnw. At frequent intervals d~~ the runs the static side of the Pitot was tested, but
~nvariably showed &ro reading. -

The velocity in the jet roughly equaled the velocity through the average valve opening,
be@ about six tiies the mean velocity in the cylinder proper. In actual magnitudq the
velocities ranged from 1,500 to 19,000 feet per minute, or 25 to 320 feet per second, oovering
about the extreme range of mean inlet velocities encountered in practice.

Table I shows actual and comparative dimensions and areas of the three valve combinations
twted.

..-—
1An exeelknt dlscossfonof tie nae of the impacttubaand jet may be fonnd fn a paper entftkd “rho @!u.ct ~~> by Mr. S. A. Moss, VOL

3S,Trans. A. S. K E.
z It shwdd not be unimataod that this oomardon of enerw @orn statfc to ve!ocfty preaame and vfca versa) lakes pka wftb 103per cent e5-

cien,?y,es there fs aiwaya a convezafonlossdna to genaratfon of heat by anrfaceaud Internmlfrfrtfon. In the caseof conmrrmccor reductfon of erea,
the canrersion 10Mis relattvedy rrmchIess,d the angfe of convergence and “stream Hnfng” of the condnctor mrrchless fmportant than fn ceaaof
divargermaor fnzrwse fn area. Oonvargeru?eredneesstatfc pressureend rorfaca friction and prodncw ajet adact whfch re&fdea fhe lfnasof dow and
reduces,or at lesst doesnot inerwe, eddy eileM and Lnternrdfrletion. Dfrw#mce, on the other bar@ fncreeaw statfo pre.sanraend aurfaeeMrtl@
e.nflun!essthe e.ng!eof dlvergeme be YEW @ mnlh Lucormetion lmaesso fargs as to fndlmto great Mernal frfctfon or eddyfrr& probably fn
the nsture of a mi!fng motfon cfmsedby large velc.dty diUermceuat dffferent radfL When the angle of divwgenea reeohea30degceeaon eachafde
of the S* the the.xwtfcalstattc@n Is entirely elindnated by the conversbn Ic=sa.An e.rmllent dhcusfon of mmarafon kses wfth cxperimente,l
&k and mEelenoycurved rrmy be found fn Fan Engine- psga-sW% by Wllfa EL Carrfer, member A. 8. M. E. Lfueh of the foregohrg fa
qufb elamenm Lneharw?tm,bnt It appears that the chsracterfstfmof alr flow am perhaps lessgenerally underataod thrm mmt brenchseof sngf-
MOrlng data, and tbefr treatment oftem.WRSSmore complex than lUnrnfnatfn& consfdaredwith respect ta the aversgs needs of the emghreer.
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TABLE 1.

/.

I nraomfe$enf.cd portstn Cros&t#io: ports

l— -.1
Valve mmthat ion9.

2m1\.~. l.76titiw d@eta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
‘----- :g];; *

1 Mre.2.5htim Wtiw .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2dva.l.Mmtia *da . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Diamehra and port areas are computed upon the least diameter of the valve or port.
In the case of the larger pair, it should be noted that the diameter of 1,75 inches, used for con-
venience, gives an area about 2 per cent less ~ap that required by the ~comotrical relation
for equal area, namely, D@= 0.7071 D= 1.768 iii<h-&”diiiii;~r~ for the “pa&”& e,q~al t~e
area of the single valve.

The lifts used with each combination of VSIveawere as follows: 0.05, 0.10, 0.20, 0.30, 0.40
0.50, 0.75, 1.00, and 1.50 inches. These valve lifts were carefully laid off and marked on the
stares and the settings made against fixed indicator .pointe attached to the head of the cylinder.
No screw thread or micrometer arrangement was used, and the probable error was relatively
much greater at lower lifts. Howevar, independent settings at low lifts checked within the
limit of error of about 2 per cent contemplated for the investigation as a whole. Adjustable
clamps were used to hold the valva in position when set and readings taken covering the pres-
sure range available.

After increasing the lift up to 1.5 inches with each valve combination, the valves were
reversed; that is, the stems were clamped in the guides so as ta project elightly through the
ports, the valve heads remaining entirely outside the cylinder and readings taken to dettie
the flow through the ports, eliminating the effect of the valve heads as baffle plates in the
cylinder. It is often stated in works on design that lift~~ a valve about cmequarter of its
diameter develops a valve axea equal to that of the port. This is correct if limited to geometric
relations, but seriously misleading if interpreted as providing a aubstantidly equal effective
orfice, as will later bo developed in the experimental rwults,

Dr. C. E. Lucke, in his paper on “The problem. of aeroplane engine design,” prcmntad at
the May meeting of the American Society of Mechanical Engineers, 1917, makes the foIIowing
statement concerning valve lift:

Coming now to ths quwtfon of valves, everyone knows that it is of no consequence to lift a poppet valve more
than onquartar of its diameter. Itisalsotruethatthe vaIve will work better, and the volumetric efRciency and mean

efktive pr-e be better, the Isrger the diameter of the valve and the srmdler the lift; that h the valve should not

approach the quarter diameter lift. Thatconditionconformstagood principlm of gaamua flow.

EXPERIMENTAL DATA.

Tables 2, 3, and 4 contain the data recorded in the tesis of the three valve combinations.
They are simflar in form and refer, respectively, to the 1.75-inch valves, the 2.5-inch valve,
and the 1.25-inch valves. The pressure readings are printed as read, in inches of water.

The readings of velocity pressure in the fit column were partly taken on a U-tibe inclined
at a slope of 10 to 1 to facilitate more accuratmreadings of small quantities, but the decimal
point is recorded so as to show pressures in inches of water, vertical head. Readings taken
on the inclined tube are given to three places after the decimal point, After reaching the
Iimit of this inclined tube at about 30 inches, or 3 inches actual head, the remaining readings
were taken on the usuaJ vertical tubes. This column represents velocity pressure in the jet.

The second column shows the square root of the corresponding reading of velocity pressure
in the fit wlumn, computed by slide rule. These amounts represent the relative velocities
in the jet. The third cohmm or lower static readimrrefers to the static mwssurain t~e Cvlinder,
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17here these readings are small, the probable error on amount of c~pillaxity or inequality in the
tubes is rather large, but they were merely used for a rough check on the pressure drop through
the valve tested, shown in the fourth column, which was read from a tube connected to both
UppW and IOWWStatim.

The square root of prsssure drop through the valve, computed by slide role, appears in
the ilfth column and is proportional to the theoretical mean velocity through the valve. A
separate reading on the upper static appears in the sixth column, and the seventh and eighth
columns show in degrem centigrade the considerable variations of temperature with the ‘
velocity. The ninth cohmm gives the valve lift and the tenth column the coefficient of efil.m,
computed on valve areas equal to II Dh and awmmingthat the density of the air was atmospheric.

GEAPHIOALCOMPARISONOF FLOW.

The data in Table 2, covering the test of the pair of 1.75-inch valves at various openings
and at various pressure drops, are shown graphically in Plata 2, the data in Table 3 on the
single 2.5+ich valve in Plate 3, and the data in Table 4 on the pair of 1.25-inch valves in Plate 4.
The purpose of this investigation was primarily to secure compmatively accurate comparisons
as between the capacities of the different valve combinations, rather than b secure absolute
quantitative determination of the flow in any case. It will readily be seen that the velocity
and quantity of air flowing through the jet at the outlet of the system will be proportional
to the square root of the velocity prties read by means of the impact tube in the jet. The
vertical scale of many of the following graphs is taken from the second coh.mns of Tables 2,
3, and 4 and is termed for convenience “Proportional flow.” It is eq.dy obvious that for
accurate quantity determinations corrections should be made for temperature, pressure, and
humidity by the application of welI-known thermodynamic formuke, but this would appear
an unnecessary and perhaps misleading refinement, considering the general degree of accuracy
here obtainable,

The horizontal scale is laid off to the square mot of the pressure drop through the vahe
combination tested, which is deemed much preferable for the present purpose to the use of the
pressure drop itdf. l’ilth the limited range of pressures available, and the considerable varia-
tion in valve areas tested, the curves obtained by plotting to the pressure drop would be so
distributed that no single ordinate would intercept all the curves.

The system used, however, produces stra@t line grapha passing through the center of
coordinates, as the velocity through the valve is proportiomd to the square root of the pressure
drop, for any given lift, and these graphs may, therefore, be extended to intercept any particular
ordinate without appreciable error, which greatly facilitates the study of the reaulta obtained.

If desired, the slope of eaxh graph may be arithmetically determined by computing the
average ordinate and the average abscissa for the points on any one line, applying suitable
weights to any readings deemed of unequal valu% the slope of the graph being fixed by the
ratio of such averagm.

Wherever “proportional flow “ is used as a basis for plotting in the various plates shown,
it should be remembered that this refers to flow through the same jet in d cases, without
respect to the valve opening or pressure drop causing the flow, and that the various results so
obtained may, therefore, be directly compered~ owing to the use of this jet as the common
medium of measurement in all tests.

k to these plates 2, 3, and 4, it is true that the scale is small, and that plotting to square
.

roots tends to reduce the magnitude of any irr@arities in the points obtained, but the close
coincidence of the points with the straight graphs passing through the origin seems to warrant
the conclusion that the sdnal velocity tiou.gh the valve at my given lift varie9 directly with
the square root of the pressure drop, at least within the limits of these tests, as does the theo-
retical velocity. It further follows as a general rule within th=e limits that the coefficient
of efflux does not vary with the pressure drop. (.!ertain Iimitationg upon tihisconclusion may
be required, however, and will be disc=ed in coueotion with the graphs showing the varia-
tion of the cmflicient of etllux with the lift.
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Curves of equal velocities have been superimposed upon the graphs of plates 2, 3, and 4
to show the approximate velocities through the valves in feet per second. At about the avmage
conditions of the tests, namely, 80° F., 55 per cent humidity, 68° wet bulb, and 2..72 inches
barometer, air weighs 0.0717 pored per cubic foot. Inserting this value in the equation
T7==18.275~j/w gives TT=68.2~~. In other worck, assuming air at this density, multiplying
the vertical scale by 68.2 gives actual velocity through the jet in feet per second, and applying
the same correction to the horizontal scale gives tlkxwdiculvelocity through the valves. TIM
actual velocity through the valves may then be obtained either by applying the ratio of areaa
to the vertical scale of jet velocitka or by applying the proper coefficient of efflux to the hori-
zontal scale of theoretical valve velocities.

TABLE 2.

[Kind of meiwaremont,dr tlow throu@ Popmt vakw hstnunent tested, two valvw U ~@s &meter, ~timrms fiow; tit% MAY23,1918;
‘- hOm!dity, 66w cant; bfuo&&tar,7M mm.]
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28:9 . . . . . . . . . . . . . . . . . . . . . . . .
14.o . . . . . . . ..m. . . . . ...=.
34.0

I-.....-.-.-.l-.......-...l-.-........i....................................
............ ............ ............

24.0.........% .......%..
24.0

1111........................................................................
............ ............ ............

.a4.O.........z. . . . . . ..K.

24.0
....................................
....................................
....................................

24-0........................
MO .K1 .OcB

....................................

....................................

....................................
!44.0..........i.............
.2&O ............

........................ .4W ‘

.......... .. ............ ............

............ ............ ............
24.0........................
24.0 Loo .418

............ ............ ............

............ ............ ............

............ ............ ............
!44.o ........................
24.0 L 60 .Z#8

............ ............ ............

............ .. .......... ............

.. .......... ............ ............
............ ............2:

tl

..””.. ”.”..” :%*. . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . .
’24.2

Curves representing actual velocities of 100, 200, and 300 feet per second through the
valves have been laid off by the former method and agree fairly with results obtained by the
latter method, emept as to irregularities in some of the points used for plotting the coefficient
curves later presented.

These curves may be used to approximate the actual pressure drop necessary to produce
a given velocity. For example, in plah 2 it is seen that the pair of 1.75-inch valves with 0.20
lift indicates a velocity of 200 feet per second at the ordinati, corresponding to 3.55 in the
horizontal scale, or 12,6 inches of water, or 0.455 pound per square inch as the required pressure
drop. It-should be noted that these velocity curves are merely approximate and that errors
up to 5 per cent or so may be found.
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In Plats 4, figure 2, ,will be found sn ilhstration of the manner in whioh a psir of 1.25-
inch valves were seated in the oylinder for testing. The closely shaded seot.ions represent
the false seat of hardwood, and the dotted sections indicate the putty used to join the porte of
the false seata smoothly to the pssssges.

Before making the putty joint as shown, two tests of purely oollatemd intereet viere made
at 0.3 inch lift, to show the effeot of the sharp ledge in the passage. The remdts are shown by
the dotted line z –y, the flow being 13 per cent less for any given pressure drop than with
the pssssge stream-lined as described. It is therefore evident that any projections or sharp
angles in the pssssge tend to gres.tly reduce the flow, ss might well be anticipated.

TABm3.
~ of mwnrement, ah flow through poppet -mIwM.Lnhwmnnt tmt8d, one mlva 74 Incheddfameter, mntfmma flow; dat% May 23, 191*

humfdlty, 56pOrW@ barometar, i36 M@

WWity

O.11o
.225
.370
.435
.Sx$

i%
1.656

kg
8.Om
4.000
4.753
2.70
3.66
km

:%
8.70
4.SS

R
10.20
4.40
5.m
7.m

11:
6.40
7.ls

1?%
14.70
6.m
7.70

Ik E
1s.20
&10
a 10

10.05
18.m
15.m
6.35

Itz
14.40
I&70

=
Yelocity

o:&4

.6m
;=

.915
1.097
yJl

1:58
1.74
8.lm
2.13
L 64
1.S%
2.14
8.4.I
8.69
1.32
Zm
246
2S3
a 19
8.10
!4.41
269
S.m
8.49
2.3!a
%67
2.9s
3.44
3.8S
2.41
!L73
s.10

k%
a.47
2*
S.18
8.67
8.9S
2.52
8.08
8.26
3.m
Las

.- ___

msmm

Ia.60
17.10
am
25.n
11.95
16.Kl
m. 60
2j7J

Ii m
16.60
20-s5
Z&g

u. 1s
M. 80
13.40
2?..50
6.S6

22
14.76
18.66
&60
7.40
g.~

Ia.lo
14.75
420
&60
&m

1:%
a 75
4.90

H
9.0s
3.m
430
6.65
7.05
7.35
zm
8.al
436
5.85
&40

sq*pP

%%&
Ur
Llt3fc.

12.w
17.40
Z3.?u
m.m
1226
16.60
zoo
29.50
Il. m
15.40
19.Ga
2.5.40
m.a
LL 10
14.m
18.8s
24.?4
$$

1s:%
17.40
.22”40
23.20
10.al

?&z
Z1.60
moo

2:
15.45
mm
84.m

2;
lh 40
m. 45
XZ60
9. a

n%
15.w
m. 46
y:

11:75
14.75
19.a
3Lm

. . Iuc?K8.
g; 24.6 0-06 0.96

k6 :::::;;:: :::::::::::: :::::::=
34.3 . . . . . . . . . . . . . . . . . . . . . . . .
3L2 2s.0 .10
~; . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . ..-. . . . . . . . . . ..-
2; . . . . . . . . . . . . . . . . . . . . . . . .

:.; .m .356
. . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . .

S3.o . . . . . . . . . . . . ------------ . . . . . . . . . . . .
35.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..-.

!2&L . . . . . ...%.. . . . . . . . . . . . .
H
31.6 . . . ...?.... . . . . . . . . . . . . . . . . ...?..
~: ;..- . . . . . . . ------------ . . . . . . ..—.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ----
35.6 25.8 . . . . . ...%.. . . . . ...=..

26.6
:; . . . . . . . . . . . . . . . . . . . . . . .- . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
33.5 . . . . ..Er. ; . . . . . . . . . . . . . . . . . . . . . . .
86.8 . . . . . . . . . . . . . . . . . . . . . . .
31.s
8L5 __..! U.. . . . . . ...!’?.. . . . . ...!!!..
32!4 . . . . . . . . . . . . ------------ . . . . . . . . . . . .
33.6 . . . . ..%i.. ------------ . . . . . . . . . . .
35.2 . . . . . . . . . . . . . . . . . . . . . . . .
2S.Q
3a I . . . . ..?... . . . . . . ...?.. . . . . ...?..
3L4 . . . . . . . . . . . . ------------ . . . . . . . . . . . .
38.5 . . . . .. fi.i-. . . . . . . . . . . . . . . . . . . . . . . . .
35.2 . . . . . . . . . . . . . . . . . . . . ..-
3L 3 3.3
31.8 . . . . . . . . . . . . . . . ...!!!.. . . . . ...!’?!..
32.6 . . . . . . . . . . . . ----------- . . . . . . . . . . .
34.s . . . . ..Kr. . . . . . . . . . . . . . . . . . . . . . . .
35.s . . . . .. . . . . . . . . . . . . . . . . . .
31.8
32.2 . . . ...?.... -_....!!!!. .._..:?..
MO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
34s . . ..-.zr. . . . . . . . . . . . . . . . . . . . . . . .
36.5 . . . . . . . . . . . . . . . . . . . . . . . .
as 26:6 7
32.0 . . . . . . . . . ..- ~~m *
&a.7 . . . . . . . . . . . . .
24.1 . . . . ..%-i-. ~

. . . . . . . . . . .

S&a 1

The very common oustom of fhishing the inlet passages with two bores meeting at an angle
of about 110 degrees certainly puts a heavy restriction upon valve e%kiency, but doubtless
constructional convenience may be held to justify the practice.

ihterssting experimental work could be done on the design of valve guides, possibly joining
them to the WSUof the passage with a web of stream-line motion. Valves with an extremely
heavy iillet have been used in the R. A. l?. 3a engine, doubtless with the idea of guiding the air
current smoothly to the valve opening. Venturi effects in the pawage immediately above the
valve might be productive of excellent resulte.

The use of the putty as abovs described to reduce the size of the passage to the diameter of
the small valve introduced a converging nozzle effect which doubtless tended to direct the air
stream inward toward the valve stem and thereby slightly impair the ef%ciency of this small
pair of valves.
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It is evident that the intercepts on any ordinate on plate 2, 3, or 4 will represant the varia-
tion of the flow with the valve lift at the pressure drop corresponding to the ordinate selected.

Plate 5, figure 1, presents such curves for tha three valve combinations, plotted from
intercept on the ordinates corresponding to a pressure drop of 16 inches of water, the ordinates
numbered 4 in the square root scale. The relation would have been the same had any other
ordinate been chosen, but the quantities would have been difFerent.

TABLE 4.

Velooity
~.

I

&J,u&g,ll&

VeMfty
Pres311re.

0.374
;4&4

:g

.‘a17
L 060
1.200
1.11
1.22
1.63
1.71
1.39
1.62
1.88
2.10
Zza
1.6a
1.62
2.09
2.M
Z60
1.64

;$
2.42

W
2,28
2.67
1.76
2.LE
2-40
2.06

k%
2.45
2.66
1.82
2.1s
2.M
2.64

0.20
.27
.40
.46
.66

1:%
1.40

i:%
2.80
2.95

i%

Hi
4.70
t!.20
8.16
4.10
6.20

;!!
8.66
4.70
6.76
2.06
8.90
5.05
6.40
2.96
4.m
s,60

;%
4.10
s.85

;E
4.80
5.76
‘1.10

u. 66
17.46
24.10
2a.a6
11.40
16.35
m.10
26.60
10.60
14.40
19.25
aoo

1: G
l&24
m. 66
24.m

1:1!
15.70
20.10
22.20

$:
lb.M
1; #

10.w
M. m
17.70

lt %
14.26
17.66

1? E
13.60
l&60

1; E
18.%
16.20

12.90
17.ao
24.60
xl.86
12.06
10.00
2L96
26.10
11.25
16.26
21.70
26.60
U. 24
16.35
20.00
24.75
z-a.243
11.40
16.3a
19.80

::

16:10
20.00
g~

li m
19.m
24.05
10.w
146)
m.ce
FL

14:45

g;

li 60
19.10
23.W

o ● Inchu.
20.8 0.05
32.6 . . . ...!-!!.. ------------ . . . .. O.!!..
34.5 . . . . . . . . . . . . ------------ . . . . . . . . . . .
26.0 27.0 . . . . . . ..i.. . . . . . . . . . . .
34.0 27.1
34.6 . . . . . . . . . . . . . . . . . . . . . ..- . . . . ...!-!..
26.5 . . . . . . . . . . . . ------------ . . . . . . . . . . .
a7.5 27.I . . . . . . ..m. . . . . ...=.
23.6 27.I
~: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
27:0 2#; . . . . . ...5. . . . . . ..Gy
2-LO .

:! :::::::::::: :::::::::::: ::::::::::::
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

20:0 . . . . . . . . . . . . . . . . . . . . . . .
us z]
24.7 . . . . . . . . . . . . . . . . ...!!.. . . . . ...!!!..
86.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
%.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
28.0 2,7.2...................ti..
82.0 Zi’.5
33.6 ....................!!..............
26.0 ...................................
26.6 27,5 ...................E.
33.6 27.9 .76
84.8 ...................................
66.a ...................................
37.0 27.9 ...................=.
34.0 27.9
3L6 ....................!!.............
w 5 .......................-..........-
;8: ......n......................ifi.

L!M
8i8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . .
H . . . . . . . . . ..- . . . . . . . . . . . . . . . . . . . .. . .
22.6 27.Q

}

34.2 ............ vvalle-
a5.o . . . . . . . . . . . . . . . . . . . . . .,

86.6 . . . . . . . . . . . .

The curve of flow for the single 2.5-inch valve lies between those of the pairs of valves at all
iifts. It is found to be very nearly equal to that of the smaller pair for low lifts and approxi-
mates that of the larger pair at the higher lifts.

These cues are plotted against valve lift in inches, but for convenience the points equal
to one quarter and one-haIf diameter have been marked on each curve. By intmpolation
betwem these points and others similarly located the approximatwcurve of flow for two valves
of 1.5 inch diameter is presented. This indicates a flow quite closely equal to that of the single
2.5-inch valve up to a lift of shout 0.6 inch.

The ~ertical intercept of these four curves on ordinates corresponding to various valve
lifts are compared in Table 5, in percentages of the flow of the single valve.

TABLE 5.

l.lftb Mhw . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.1% 0.25

—.

0.876 0.500 0.626 a 730

—. . ..- -— — — — ,. .-.

2tives.l.~ bohs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Per Cm&.POWCeg Pa em& PerCft: Pm Cm& Per Cd.

2mlv~l.50 lnchml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
lla

114 106 10I
ltive.26tiW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1: 100 10U 1% 1% 13
2valves, 1.26Inches. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 72 66 69

.,—. ..—

1Interpolated.
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The points comected to the curves by brokan lines indicate, to vertica! scale onIy, the
flow with the valves reversed. This might be considered equivalent to the flow with the valves
at an infinite Lift, which agrees with the horizontal trend of the cm-me, but more practically,
these points represent the mwzimum limit of flow tlmough the rmpective ports at this pressure
drop. These curves, comparing performance upon a basis of equal lift in inches, are particu-
larly applicable where it is conceded that mechanical features generally limit the possible lift
regardless of vabe diameter.

On the other hand, it is often asserted that the proper limit of valve Iift is a function of
the diameter, and for purposes of comparison on this basis, figure 2 of plate 5 has been pre-
pared from the curves last discussed, changing the horizontal scale to read in per cent of the
diameter of each valve. Jh the case of pairs of vaIves, the flow of both is plotted against the
lift, expressed in per cent of the diameter of one -w&e only.

The result of this transposition is at once apparent. The intercepts on any ordinate very
closely agree with the proportionate cross-sectional port areas of the sawmal va.Jve combina-
tions, and in the case of the two curves corresponding to valve combinations with equal cross-
sectional port area, the curvee coincide within the probable error of the work. Up to a Iift
(If 0.5 diameter the coincidence is all the more exact if it be remembered that the two 1.75-rnch
valves have an area about 2 per cent less than the single 2.5-inch valve.

From this it would appear reasonable to infer that under fairly similar conditions dif7erent
valves or combinations of valves have capacities in proportion to their respective cross-
sectional port areas, when the Iift in each case is same per cent of their respective diameters.

It also seems logical b infer that the them-y of the hydraulic mean radius has but IittIe
application to the 10SSCSin poppet valves, it being more properIy applicable to what may,
for convenience, be termed surface friction, or actual rubbing of the moving fluid upon the
surrounding wall, whence its+derivation— the relation of cross-sectional area to perimeter in
contact with the moving fluid.

In the case of continuous flow through a pipe or conduit, pressure losses maybe claaeiJied
as friction losses and dynamic losses, although no sharp distinction can be drawn. Dynamic
10SSWSare due to ch~~e in direction, either of the whole column or its lesser parts, as at elbows,
nozzles, or offsets; and friction of the fluid against the walk undoubtmily causes a rolling
motion, with charge of both direction and velocity in the adjacent particles. The change in
direction at an elbow w-illcause a greater pr~ure with greater friction on the outer side. An
easy radius elbow is ordinarily estimated to cause a pressure Ioss equal to the friction loss in
10 diameters of straight pipe, but a right angle or mitered joint in the pipe will cause a loss
equal to the friction 10SSin nearly 50 d.imneters.i It is thus evident that where marked changes
in direction take place in a length of but two or three diameters, the dynamic losses may be
many times as great as the losses due to friction, and the cw.e of the inlet passage tamninat.ing
in a poppet valve falls in this class.

& a rough comparison of probable friction loss and dynamic Io=, it maybe assumed that
the friction in the passage and at the lip of the vrdve is equivalent b that of 5 diameters of
straight pipe at the same velocity. From hfr. Busey’s experiments, dynamic 10SSSSmight be
expected equal to the friction loss in about 8 diameters, due to the curvature of the passage,
and further dynamic losses equal @ the friction in at leaat 30 diamet.m+ due to the sharp change
of direction at the valve seat, – 60 degrees at Iow Iifta with a 30-degree seat. If this coLupari-
son is within the limits of fair approximation, K&. Pomeroy’s 39 per cent greater friction loss
is only appIioable to about 15 per cent of the total 10SS,or about 6 per cant less capacity would
be expec~d from a pair of va~ves having 0.7 the diameter and 0.7 the lift of a single valve.
From the data here obtained it appem%that the two valves have only about 2 per cant 1ssscapac-
ity at 0.7 the lift.

For ready comparison, Table 6 has been prepared from the vertical intercepts on the curves
of figure 2, plate 5, showing the relative cross-sectional port areas and capacities in per cent
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of the area and oapacity of the single 2i5-inch valve, each valve being lifted the sune per cent
of iti diameter.

TABLE 6.

r- I
...r. .A. -.—

Relative flow at IIft equal to-

Relative -----
area. 0.1di- “OM dl- O.xl dl- O.zd(li-

tmleter. emet8r. ameter. ameter.
- .—
Per cm) Per eeg Per y6. P4r ccn&.Perunt.

~V~V~.l.76 ~ohe#UsmeW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . :
2tivWlM tihestietwl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1 vUve.2c6Nes timtw . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .. . . .. . . . . . ..- lE lU 1~ 12 100
2ti~I.mwwd.ta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- 50 46 4n 45 46

--1. .—
~By M8rpolation.

It is evident from an inspection of the curves on plate 5 that a lift equal to one-quarter
diameter develops less than 67 per cent of the full capacity of the port, and that a lift of one-
half diamehr deve~ops 80 to 90 per cant of the full capacity.

The coefhcient of efflux is taken m the ratio of the observed mean velocity through the
valve to the mean velocity which would theoretically result from an equal pressure drop.
&mmi.ng that the temperature, density, and humidity of the air are the same at the valve
as at the jet, this coefiient may be obtained directly from the relation of the areas and the
proportional velocities set forth in Tables 2, 3, and 4. The proportional velocity at the jet
multiplied by thratio of the jet area to valve area gives the proportional velocity through
the valve. If the ratio of this velocity to ths square root of the pressure drop be taken, the
result is the coefficient of efflux. To be more exact, M should be multiplied by 0.99, the
coe&cient of the jet.

The above short method may be justified by developing the usual equation V- ~~fi
in the units here most convenient i

V=velocity in feet per second.
g- aw.xderationconstant of gmvity in feet per second?~< ‘~~
h-head of air imfeet causing the flow.
Substituting the head in inches of water:

.-
,-

where w is the weight of water in pounds per cubic foot, 62.31 is the weight of water in pounds
per cubic foot, and p is the pressure head in inches of water.

This equation is deemed sufkiently accurate for the low pressures here subjected to
examination.

Now, if A - the jet area, and
a = the valve area,

JA ~where p is the velocity pre~ure and w thethe mean velocity through the valve is 18.275 ~ w

density of the air at the jet.

The theoretical mean velocity through the vahe is 18.275
F

~ where F’ and W ar~, re-

spectively, the pressure drop and the density of the air at the v~ve.

d18.275 ~ ~
\ The Coefficient of J3fBux=

-or%

where the density of the air is the same in the jet and in the vslve.
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In compuLing the codicient the valve area has been taken es TD h for alllifb. It is realized
that for smsll lifts the aid of trigonometrical for.umhamaybe invoked to determine accurately
the least area of opening, but the ssme for.nnh are not applicable at higher lifts. Moreoyer,
they are only justiable upon the theory that the lines of flow me parallel to the slope of the
valve seat, a condition which certainly does not obtain for any except the sndest lifts.

In plate 6 the coeilkients of efhx will be found, plotted against valve Iift in inches in flg-ure
1, and against lift in per cent of diameter in figure 2. Thase coefmienta are considerably higher
at low lifte, a feature somewhat diflicult to axpkin satisfactcdy. Boti friction and dynamic
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PLATE6.

losses should be greater at low lifts, ae the ratio of perimetar to ma is then greater and the
angular deflection sharper. It seems probable that there is an approximation to a jet action
at low lifts,the discharge taking place into a region of relatively low pressure, somewhat after
the manner of the true jet used for measurement at the outlet end of the.cybder. The com-
paratively high discharge eiliciency of my such jet seems to make tlis the most probable
explanation of the high co&icients.

If such jet action takes place, the prwmre in the valve area should approximate that of
the Cybda itielf, ‘~d the theoretic~ velotity through the valve should be computed upon
the lower pressure rather than the higher. This would reduce the error involved in computing

1670S0-S. Doe. 807,633 5
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the theoretical flow and coefficient upon the assumption of atmospheric density in the valve,
as has been done.

The maximum static pressure in the cylinder w~ 17.5 inches of water. ~ a pmaaureof 1
---- - --

inch of water is equal to a pressure of 0.5768 ounce per square inch, this would equal a pressure
of 10.09 ounces, or 0.631 pound, per square inch, or an absolute pressure of 15.23 pounds per
square inch, 755 millimeters observed atmospheric pressure being equal to 14.6C!pounda per
square inch. The density of the air varying with the absolute pressure and the ratio of abso-
lute pressures being 1.046, the error involved under the above assumptions would be about
2.2 per cent as the density of the air enters the equation under tJMradical sign. This error
would be materially less at the lower lifts, the pressures in the cylinder were then being con-
siderably less. No appreciable error would appear to be introduced by assuming equal tempera-
ture and equal humidity at valve and jet for any given valve opening and pressure drop.

Referring again to plate 6, it will be noted that in figure 1, where the mefioient.s are com-
pared at the same absolute lift, the differences betwwm the three valve combinations are quite

—

considerable, and that at the very low lifts the points plotted present some irregularities. The
curves have been drawn to conform to the greatest number of points reasonably possible, and
the curves in Qure 2 have been plottad from those in figure 1. The points for the two larger
combinations m naarly coincide iu figure 2 that but one line has I$eondrawn.

The relative intircepti of the coefIMent curvm in @ure 1 at various absolute lifta, ex-
pressed in per cent of the valuea for the single 2.5-inch valve, are presented in Table 7.

TABLE 7.

-—
Relative mdlcfent of ed+hx.

I . . . . .
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ltive,2.6tia Weti -------------------------------------------------
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In figure 2 it will be seen that when compared on a basis of equal valve Mb, expressed in
per cent of diameter, t?mcoefEcient.sare much more nearly equal, the curves for the two larger
combinations coinciding, and that for the small valves being but little lower. It seems entirely
probable that even this small dtierence is largely caused by the converging lines of the passages
leading to these small valves, as before explained. The comparative values are hereshown.

TABLE S.
... . . ...— ..... —
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—.. _ ......-_
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GENERAL CONSIDERATIONS.

The only experimental investigation of the flow of air through poppet valves of which
record was found in the technical publications was carried out as a thesis by Mr. R. M. Strong
and Mr. F. W. Hollmanj and later published by 13rof. C. E. Lucke under the title, “Pressure
Drop Through Poppet Valves, ” Vol. 27, Transactions of the American Society of Mechanical
Enginews (19o5) . Prof. Lucke seems to have been tbe first to call attention to two noteworthy.
characteristics, which are found to be supported by the data ham presented; fhst, that the
coefllcient of efflux, computed for air at atmospheric density, is nearly constant for all pressure
drops; and, second, that this co.eflkient is much larger for low lifts. Tats were made both with
continuous flow and intemaittant flow, the latter being as nearly as possible similar to actual
operating conditions for the two gas engines tested, and it was found that the coefficient of



MB FLOW TESOUGH J?OPPET VALVES. 67

efllux for continuous flow was not the same as that for intermittent flow, even at the point of
zero acceleration.

It is patent that extreme care should be exercised in any attempt. to apply the reeulb of
continuous-flow experimaute to flow under operating or intermittent conditions, since inertia
and resonance eflects in the inlet manifold will obviously make great difbwnces in the absoltite
quantiti~j and these effects will wiry with the type of manifold used. Moreover, the pressure
drop, velocity, md mdlicknt will obviously vary with many other factors as betwean dif%rent
engims, diihmt speeds for the same engine, ~d as to instantaneous values at different points
of the stroke for a given engine at a given speed.

However, in the question of desigg as to whether two inlet valvw or one should be used,
it is bel!ieved the comparative rwdti hem presented may be made to serve a real purpose.
It is difEcult to perceive my reason why the comparative relations obtaining between these
three valve combinations for continuous flow should not find some parallel in the comparative
relations between the same three combinations for intermittent flow, if no other variables we
p-w-mittedto aftect the comparative results in the lhttm case. Only inherent chfferencesbetween
tm three combinations, tiective with intermittent flow and nonefhctive with continuous flow,
or vice versa, would appear capable of affectiqg this parallel, and it is improbable that such
difference, if any, are of great magnitude.

It is hoped that these modwt experiments, will arouse interest in the question of multiple
valves, and certainly the discussion of any direct cumpsxisons obtained in practice would be
very interesting. Aeronautic engines of to-day have so nearly approached the theoretical
limit of efhciency that even small improvements maybe wall worth while, but it seamsprobable
that the mechanical advantages of dual or multiple valviss may be of even more irnportamm.

The dimensions of the cylinder model used for them experiments offer a ready basis for
discusmon, and are commonly encountered in aviation engine practice, the bore being 5 inches
and the diameter of combustion chamber 5.75 inches. A combustion chamber of this size
permits the use of two valves of 2.5 inches diameter, or four valves of 1.875 inches diametar,
inclined at 15 or 20 degrees to the cylinder axis in both cases. Four 1.75-inch valvw can be
placed in a 5.5-inch cylinder head inclined, or a 5.75Jmch cylinder head vertical; and four
1.5-inch vahwa are even more readily accommodated in a. 5-inch cylinder head, or a cyIinder
having the combustion chamber the same diamehr as the cylinder proper. These valves may
be placed vertically, and the cylinder is much more easily machined. The combustion chamber
will have better proportions, and the slight incre~ in cyliider height will be more than offset
as to over-all height by the saving in spring length.

Two 1.5-inchvalvas will have a fIow capaoity equal to one 2.5-inch valve at the same pr&ure
drop and thesamelift, will present but 72 per cent asmuch area to any prwsmre@ the cylinder at
the time of opening, and will waigh but 56 per cent of the weight of the single valve, assuming
that the weights vary as D2S, which is approximately correct for these sires. Assuming any
reasonable pressure in the cylinder at the time of valve opening, and spring tensions in propor-
tion to valve weights, it is evident that the two smaJ1valv~ will require less than half the
power to open them, and this will be a direct saving of mechanical loss, as valve action is not
the type of reciprocating motion which cm return during one portion of the stroke energy
stored during another portion, excepting only the energy stored in the spring.

It has been said that valves in pairs are more diflicult to cool than single valves, but this
does not appear to stand analysis. The proportion of the 6-inch cylinder head occupied by the
small vaIvas is only about 95 per cant of the proportion of the 5.75-inch head occupied by the
large valve. The circumference of the two valvw is 20 per cent greater than that of the single
vake, and although the seats would have somewhat less width, the distance of heat flow in this
direction would be but 60 per cent as great. As to the portion of the heat which flows to the
guide, the conditions are also somewhat in favor of the small valves, the distance to the water-
cooled portion of the guide being 1ss.sand the proportion of watercooled guide greater.

In one example of foreign engine design dual valvee of about this size are lifted to one-
haLf diameter and give entirely satisfactory operation at speeds up to 2,200 revolutions per
minute. The possibilities in this direction are largely untried, but the negative work used in

.
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overcoming valve resistance to inlet flow might ,be reduced with small valves at high lifte and
the volumetric efficiency increased without introducing serious mechanical diiliculties. This,
of course, is contrary to the principle of using low lifts to secure a higher coefficient, but still
the over-all result might be beneficial.

The comparison of a single 2,,5-inch valve to a pair of 1.75-inch valves may be analyzed
in much the same manner, and as to heat conditions the result would seem slightly in faver of
the pair. If lifted 0.375 inch, the capacity will be 25.per cent greater than that of one 2.5-inch
valve, according to the experimental readte shown in Table 5, or tJMresistmce will be but 64 ., . .
per cent as great, the resistance varying approximately with the square of velocity or capacity,
This should result in higher volumetric efficiency. The superficial area of the two combina-
tions would be practically equal, but the weight of the pair would be but 82 per centof that of
the single valve, with correspondingly reduced total spring tion and slightly reduced

.

mechanical 10ss. ...

Interesting comparisons may be drawn from data published by the Automobile Engineer,
London, Volume VII, Nos. 105-6-8-9 (1917), coveiing Benz and Mercedes engines, each maim
being constructed in both 2-valve and 4-valve models. Except for the valve changes and an
increase in compression ratio from 4.5o to about 4.9o, the design of the 4-valve models is much
the same as that of the respective 2-valve types. The data are represented in Table 9, the
ratio of volume to horsepower and brake mean pressure being given for the rated power at--
1,400 revolutions per minuti for each enatie. The .(’valve factor” is one-half the product of
irdet-vaJve opening area by the number of degrees open divided by tie displacement of one
piston, affording a ready index of relative valve capacity.

TABLB 9.

I t I
----- —.. _
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The valve factcm for the 4-valve Mercedes iEbut slightly larger than that of the 2-valve,
and the mean effective presswe is increased only 5 per cent, which is practically accounted
for by the increase in compression ratio froti.50 to 4.94. In the Benz 4-valve, the fmtor is
increased 35 per cent and the mean effective pressure increased 10 per cent, only about one-
half of which can be due to the increase in compression ratio from 4.5o to 4.91.

In plate 7 a comparison is made of the power output of these four engines plotted against
gas velocity though the inlet valve. These velocities are computed for this comparative
purpose, as the ratio of piston displacement per explosion to one-half the product of valve-
openiug area by the time of the opening. The broken curves represent the 4-valve Benz and
Mercedes, respectively, reduced approximately to compensate for dMerence in compression
ratio.

In conclusion, a summary of the results experimentally derived is presented, It should
be borne in mind that the number and character of the experiments is not such m to render
them i?maland conclusive. It is earneetly hoped that further and more extensive data bearing
upon this subject will be experimentally obtained and published, and it is beliovod that the
results here prwmtid wiU be found substantially correct in the light of latar research. Cau-



f
AIR ~WW TEU30UGH POPPET VALVES. 69

tion should be exeroised in the application of these rsauh, for apparent similarity with rwpect
to air flow is often most deceptive.

CONCLUSIONS.

1. The Cmf6cient of efllux is practically constant, for all pressure drops (at least below 1

pound per square inch) where the lower pressure is approximately atmospheric, and the theo-

retical flow is computed upon air at atmospheric density.

2. Under conditions of general similarity, the cmflicient of efflux is very nearly the same

for valvm of different s.ims, at equal lifts expressed in per cent of their respective diwneta-s.

.
3. Ldting a valve one-cpmter of i~ diametm may develop an area of opening geometrically

equal to ita port area, but tiorde a capacity Iess than 67 per cant of that of the unobstmcted
port, at the same pressure drop; a lift equal to one-half diameter develops 80 to 90 per cent of
this maximum capacity.

4. At the same pressure drop, one valve of diameter D and lift h is equal in capacity to:
First. A pair of valvea of diameter 0.707 D (equal port area) and lift 0.707 h.
Second. A pair of valvea of diameter 0.6 D and lift h, for values of h not exceeding about

0.25 D.

..———

. .:

.—

—
—

—

.—

—

.—
..—

..-. .—

. .-

—


